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ABSTRACT 
 
Hydroxyapatite (HA; Ca10(PO4)6(OH)2) is an inorganic crystalline material 
found in biological hard tissues, such as bone and teeth. Biogenic HA is non-
stoichiometric and has varying crystallinity and ionic substitutions depending on the 
function and anatomy of the tissue within which HA occurs. HA is also found in 
pathological calcifications, such as microcalcifications (MCs) found in breast cancer 
tissues. HA MCs with lower carbonate substitution have shown to be related to more 
invasive (malignant) breast cancer tissue specimens, suggesting pathological 
connections to ionic substitutions in HA. Recently, aluminum substitution in HA MCs 
was identified but its connection to cancer progression remains unclear. To further 
understand aluminum substitution in HA and its relevance to cancer, aqueous 
synthesis and thorough characterization of aluminum substituted HA (Al-HA) was 
done via powder X-ray diffraction, Fourier-transform spectroscopy, X-ray 
photoelectron spectroscopy and electron microscopy (SEM, TEM). With increasing 
concentrations of aluminum in particle synthesis morphologies of particle became 
elongated and thinner compared to a rod-like shaped HA particle morphology. Also 
with high concentrations of aluminum inclusion, particles no longer maintained long-
range crystalline order, and aluminum substituted amorphous calcium phosphate (Al-
ACP) was formed. Utilizing the synthesized HA, Al-HA, and Al-ACP particles, three-
dimensional porous poly(lactic-co-glycolic acid) cell culture scaffolds were fabricated 
to mimic the microenvironment of aluminum substituted MCs found in breast tissues. 
Breast cancer cells (MDA-MB231) were seeded and cultured in vitro to assess the 
  
effect of Al-HA and Al-ACP on cell adhesion. Compared to blank scaffolds, cells 
adhered better on HA and Al-HA containing scaffolds. Whereas, compared to HA 
containing scaffolds, cells adhered less on Al-ACP containing scaffolds. This research 
lays the groundwork for future studies to investigate the role of Al-HA in breast 
cancer diagnosis and prognosis. 
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Chapter 1.  
Introduction and Background 
 
1.1 Ionic substitutions in hydroxyapatite 
 Numerous biological species contain hydroxyapatite (HA) in their inorganic 
part of hard tissues (e.g., bone and teeth) and in these tissues, HA is never in pure 
stoichiometric form (Ca10(PO4)6(OH)2). Rather, multiple ionic substitution to HA are 
observed in nature and pure HA mineral is rare to find outside the laboratory.  Based 
upon these observations, there is much research on the biological effects of various ion 
substituted HAs.  
Depending on the organism and/or the anatomic location of the hard tissues, 
the degree of substitution of individual trace elements in HA varies. Other than 
calcium and phosphorous (or phosphate), all organisms have a variety of trace 
elements substituted in HA (Table 1.1). All of these elements are in different ratios 
Sample Species Ca P Na Mg K Fe Zn Mn Sr Cl F
Teleostomi (Bony Fish)
Sea bream 35.4 17.5 0.81 0.54 0.215 47ppm 109ppm 41ppm - - -
Norse Mackerel 35.8 17.3 0.38 0.52 0.657 117ppm 85ppm 16ppm - - -
Carp 35.6 16.9 1.01 0.61 0.199 39ppm 280ppm 21ppm - - -
Tuna 41.84 17.34 0.63 0.31 0.03 - - - 0.07 - -
Swordfish 41.80 17.37 0.57 0.32 0.05 - - - 0.07 - -
Elasmobranchii (Cartilegenous Fish)
Shark 34.9 16.9 1.55 0.42 0.373 27ppm 91ppm 48ppm - - -
Eutheria (Mammal)
Cattle 36.5 17.2 0.85 0.81 0.340 267ppm 209ppm 1.4ppm - - -
Swine 36.9 17.0 0.77 0.66 0.364 114ppm 218ppm 1.1ppm - - -
Neornithes (Modern Bird)
Fowl 36.1 17.4 0.84 0.70 0.490 376ppm 340ppm 4.8ppm - - -
Human
Enamel 37.6 18.3 0.70 0.2 0.05 118ppm 263ppm 0.6 0.03 0.4 0.01
Dentine 40.3 18.6 0.1 1.1 0.07 93ppm 173ppm 0.6 0.04 0.27 0.07
Bone 36.6 17.1 1.0 0.6 0.07 - 39ppm 0.17 0.05 0.1 0.1
Table 1.1. Inorganic elemental content of bone in different organisms and different parts of 
human hard tissues (in wt%; ‘-‘indicates undetected or in extremely minute quantity 
neglected by the authors)1,18,42 
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depending on the organism and it can be assumed that these differences in ratios are 
related to the environmental (i.e., habitats) and biological differences between 
organisms. For example, different constituents between freshwater and saltwater fish 
bones suggests that habitat conditions influence the composition of elements 1. This 
trend is further exemplified by the different composition of hard tissues between 
terrestrial and marine life. In the end of Table 1.1, the elemental content of bone in 
different parts of human body are different, which points to the fact that different 
levels of ionic substitution in HA leads to different functionalities.  
Biogenic HA, along with ionic substitution, is found in varying crystallinity, 
solubility, stability, ionic substitution, coordination and more depending on the 
function and anatomy of the tissue within which the HA occurs 2–4. In this thesis, the 
term “physicochemical property” will be referring to mainly crystallinities and ionic 
substitutions in HA. Crystallinity of HA particles in bone differ from different 
anatomy and it can be used to measure bone quality 5–7. Bone mineral maturity (ratio 
of apatitic domain and non-apatitic domain) is related to HA crystallinity, where 
mineral maturity is closely related to overall bone remodeling mechanism mediated by 
osteoblasts and osteoclasts 8–12. Protein adsorption to HA particles are strongly 
effected by crystallinity of HA which is further relevant to cell responses 13–16. Ionic 
substitution in HA can also play a role in functionalizing hard tissue 4,10,17–20. 
Magnesium ions were found to be localized on the grain boundaries of rodent enamel, 
implying functionality of wear and tear resistance of magnesium substitution to HA 4. 
Strontium substituted HA has been synthesized and have shown potential in bone 
regenerative medicine 20. As mentioned above, studies show that physicochemical 
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properties of HA in bone affects and modulates the hard tissue functionalities. These 
reports further guides us to understand the importance of nanoscale characteristics of 
materials in bone. 
 HA is also found in microcalcifications (MCs) of pre-cancerous and cancerous 
breast-tissues and it is often detected and used for prognosis of cancer’s malignancy in 
mammograms.  In terms of MC’s material phase, HA is found to be associated with 
more malignant cases of breast cancer compared to calcium oxalate found in MCs of 
healthy or benign cases of breast lesions. Nanoscale properties of bone have shown to 
play a role in biology, and there are increasing reports of such nanoscale 
physicochemical properties of MC’s material related to progression of pathology 21–23, 
43. Degree of carbonate incorporation in MCs has been shown to be relevant to the 
breast cancer progression 24. Ratio of material types found in MCs have also shown to 
be correlated to breast cancer’s malignancy 23. Also recently, aluminum incorporation 
in HA MCs was found in pre-cancerous breast tissues 43.  
 Biological research on interactions of elements in individual systems is 
important, and detailed observations of how elements get incorporated into hard tissue 
can explain different mechanisms of inorganic mineralization of hard tissues and its 
role in biology. In this extent, understanding the HA crystal structure and how 
different ions are being incorporated into the structure will provide fundamental 
explanations to how imperfect biogenic HAs interact with biology.  
 
 
4 
 
1.2 Hydroxyapatite structure 
 Hydroxyapatite is one of the most stable and insoluble phases of calcium 
orthophosphate minerals 18. HA and ion substituted HA can be synthesized via various 
methods such as sol-gel, hydrothermal, mechanochemical, aqueous precipitation 
methods and others 25. Despite the various syntheses available, this thesis will focus on 
ion substituted HA synthesized through aqueous precipitation method. Aqueous 
precipitation is an easy and safe route for synthesizing HA, yielding a bio-friendly 
product. Also, precipitation method is considered to be similar to the actual nucleation 
and growth occurring in the ion rich environment of organisms 18.   
 To discuss ion substituted HA, we must understand the crystallographic 
structure of HA. Lattice parameters of the hexagonal stoichiometric HA unit cell are:  
a = 0.9430 nm and c = 0.6891 nm 25. Hexagonal HA contains 10 calcium, 6 
phosphate, and 2 hydroxyl ions in its unit cell. This specific number of ions in a unit 
cell sums up to ionic charge neutrality. Researchers often utilize the Ca/P ratio to 
identify certain phases of calcium phosphate minerals. Stoichiometric (pure) HA has a 
Ca/P ratio of 1.67 and commonly found biogenic HA have Ca/P ratios ranging from 
1.61 to 1.71 26,27. 
Understanding the structure of ions packed in HA is important when we want 
to determine how foreign ions are being incorporated to the HA crystal lattice. 
Different sites available in the structures exert different adjustments to the overall 
crystal structure, size, morphology, and potentially, its biological interactions. 
Two Ca sites are distinguished as Ca(I) and Ca(II), derived from their different 
local environments within the unit cell. Ca(I) is also known as columnar Ca, and is 
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located on the 6 corners of the hexagonal unit cell. Whereas Ca(II) is known as 
channel Ca, reflecting its formation of a hexagonal channel in the middle of the unit 
cell. (Figure 1.1)  
 
Each Ca(I) ion is bonded to 9 oxygens, 6 of which are tightly bonded (Figure 
1.2). Multiple Ca-O bonding environments and strictly aligned Ca(I) ions in columns 
Figure 1.1. Representation of the HA structure perpendicular to the 
crystallographic c-axis and a-axis. Showing different types of Ca sites.           
(Ca =Green, O = Red, P = Purple, H = White) 41 
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maintains the overall unit cell structure, thus small changes in this Ca(I)-O bond will 
significantly alter the entire lattice.  
Each Ca(II) ion is bonded to 7 oxygens, (Figure 1.2) and triangular layers of 
Ca(II) ions are stacked in an alternating manner (Figure 1.1). Because of this less rigid 
stacking of Ca(II), some alterations of Ca(II)-O bonds are tolerated and the unit cell 
structure is maintained. Two consecutive triangular layers of Ca(II) form a hexagonal 
channel in the center of the unit cell along the c-axis.  
In the hexagonal channel formed by Ca(II) ions, two OH- ions exist, where all 
the hydrogen part of the OH- ions in a channel either points upward or downward. 
Such alignment of OH- ions take part in inducing minute strain to the structure, which 
further promotes ionic substitution in its vicinity. It should also be noted that OH- ions 
in the unit cell are slightly above the Ca(II) ions triangular plane, implying a room for 
structure stabilization via alteration of OH- or Ca(II) ions. 
Phosphate (PO4
3-) tetrahedral groups can be visualized as Ca ion connecting 
building blocks within the unit cell. A single PO4
3- ion is surrounded by five Ca(II) 
and four Ca(I) ions (Figure 1.2). Six different PO4
3- ions are bonded to Ca(I) ion by 
either one or two oxygens from each PO4
3- ions, which in total of nine oxygens are 
coordinated to Ca(I). Five different PO4
3- ions are bonded to Ca(II), which are six of 
its seven oxygen coordination. The remaining oxygen coordination is from OH- ion. 
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Figure 1.2. Representation of the local environment of the cations and anions in 
HA, with indication on the coordination distances (in Angs.) around each ion . 
Note that Ca(I)-O bond lengths are longer than Ca(II)-O bond length in average. 
(Ca= Green, O= Red, P= Purple, H= White) 41 
8 
 
 From the structure of pure HA, we can deduce the factors to help us understand 
ionic substitutions in HA. 1) The four available substitution site (Ca(I), Ca(II), PO4
3-, 
OH-). 2) Relevance of ionic radius of the substituent. 3) Adoptable coordination states 
of the substituents. 4) Charge of substituent ions. 
 
1.3 Aluminum and aluminum substituted hydroxyapatite 
 Aluminum can be introduced to the human body from a number of sources. 
Oral consumption of aluminum can occur from food preservative, containers, and 
certain gastrointestinal protectants 28. Aluminum is also included in vaccine adjuvants 
and antiperspirant products, which are the sources of trans-percutaneous or 
percutaneous introduction of aluminum to humans 29–32. Reports have shown 
accumulation of aluminum in regions of tissue is associated with pathology. For 
example, usage of aluminum containing phosphate binders for treating patients with 
renal failure have shown to increase aluminum localization in brain and bone causing 
encephalopathy and osteomalacia 33. Aluminum is also suggested to be pathologically 
associated with breast cancer 30–32,34,35. Aluminum detection have been reported in 
nipple aspirate fluids (NAF) with higher quantities in breast cancer patients 30,31,36. 
Additionally, aluminum was also found localized in HA MCs in pre-cancerous breast 
tissues 43, which in particular was of our interest of inquiry. 
Studies of aluminum substituted HA (Al-HA) syntheses, such as aqueous 
precipitation method, ion-exchange method, and combustion method have been 
explored regarding the effect of aluminum on particle morphologies 37–39. Fewer 
studies have been done to understand the biological effects of synthetic Al-HA. Wang 
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et al. conducted cytotoxicity assay on leachates of Al-HA in culture media and 
observed increasing fibroblast (L929) cytotoxicity with more concentrated leachate 
media 40. Kolekar et al. conducted cytotoxicity assay of fibroblast (L929) cells 
incubated with combustion method synthesized Al-HA suspended in media and 
observed no significant differences of cytotoxicity with varying aluminum 
concentration in Al-HA 39. Two studies mentioned above have approached cell 
experiments in the context of bone pathology (i.e. osteomalacia). Also, the cell 
experiments 39,40 were designed to indirectly assess the effect of Al-HA on cells.  
 Current studies done on Al-HA have been mainly focused on bone health and 
direct inquiry of Al-HA related to breast cancer is absent. Additionally, the field has 
been experiencing difficulty of finding a robust and biologically relevant in vitro cell 
culture system to assess the effect of stationary biomaterial particles. The aims of this 
thesis are to, 1) characterize biologically relevant Al-HA particles synthesized through 
aqueous co-precipitation, 2) apply Al-HA particles in three dimensional cell culture 
scaffold system mimicking in vivo microenvironments, and 3) lay the groundwork for 
understanding the role of Al-HA involved MCs in breast cancer progression. 
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Chapter 2. 
Synthesis, Characterization, and Biological Activity of Aluminum Substituted 
Hydroxyapatite and Amorphous Calcium Phosphate  
 
2.1 Introduction  
Hydroxyapatite (HA; Ca10(PO4)6(OH)2) is an inorganic crystalline material 
found in numerous hard tissues, such as bone and teeth. Biogenic HA is non-
stoichiometric and is found with varying  physicochemical properties (e.g., 
crystallinity, ionic substitutions, etc.), depending on the function and anatomy of the 
tissue within which the HA occurs 1–3. Crystallinity of HA particles in bone is one of 
the important factors used in assessing bone quality 4–6. Studies have shown that HA 
crystallinity is also an important parameter that governs various cell responses through 
mediating protein adsorption 7–10. Ionic substitution in HA can also play a role in 
defining the function of hard tissue 2,11–15. For example, magnesium ions were found to 
be localized on the grain boundaries of rodent enamel, implying functionality of wear 
and tear resistance of magnesium substituted HA 2. For bone regenerative purposes, 
strontium substituted HA has been synthesized and shown to upregulate 
osteogenesis15. As mentioned above, physicochemical properties of HA in bone have 
been shown to affect and modulate the functionality of the hard tissue, which further 
helps us understand the importance of nanoscale characteristics of materials in bone.  
HA is also found in pathological calcifications in the human body, such as 
cardiovascular calcification 16, dysfunctional calcified articular cartilage17, and 
microcalcifications (MCs) in breast tissues 56. In particular, MCs found in benign and 
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cancerous breast tissues are examined via mammograms and often used for prognosis 
of the disease’s malignancy. With rapid growth of materials characterization 
technology, physicochemical information of MCs in breast tissue is more accessible 
and connections to pathological progressions are being made 18,19,56. For example, 
Baker et al. observed correlation of carbonate content in MCs with the progression of 
the cancer, showing that MCs found in more invasive (malignant) tissue specimens 
contained less carbonate when compared to MCs found in precancerous and benign 
tissues 20.  
Aluminum substituted HA (Al-HA) in pathological calcifications is reported in 
several cases: 1) accumulation of aluminum in bones of patients with renal failure21, 2) 
deposition of aluminum on both cortical and trabecular region of hereditary bone 
tumors (exostoses)22, 3) localization of aluminum in MCs of breast tissue of ductal 
carcinoma in-situ 56. Despite the reports of Al-HA in pathological calcifications, 
studies of Al-HA to examine its pathological implications have not yet been 
reported23–25, and only in vitro evaluations of Al-HA with fibroblasts have been 
done23,24. To address the paucity of knowledge in Al-HA and to understand the 
physicochemical properties of HA that relate to the development and progression of 
breast cancer, further research of Al-HA in the context of pathological calcification is 
necessary. 
Three-dimensional (3D) poly(lactic-co-glycolic acid) (PLGA) scaffold models 
for cell culture have proven useful for mimicking tumor microenvironments in in vitro 
and in vivo studies 26–29. The addition of HA particles to 3D polymeric scaffolds 
allowed for the investigation of the role of HA particles in tumor progression8,30. In 
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previous cancer studies of HA-containing PLGA scaffolds, the model was used to 
understand the microenvironment of bone metastasis. Considering the materials used 
to create this model, this model also mimics “calcified” microenvironment (e.g., MCs) 
found in breast tumors. To further carry out the investigation of the effects of the 
physicochemical properties of HA, particularly Al-HA in MCs, on tumor progression, 
we utilized an Al-HA particle containing PLGA scaffold model. We synthesized and 
characterized the particles using various techniques to understand its physicochemical 
properties. We further applied the particles to the PLGA scaffold system for breast 
cancer cell culture studies obtaining cell adsorption results showing potential of this 
system for cell culture studies.  
 
2.2 Experimental 
2.2.1 Particle synthesis 
Particles were synthesized via an aqueous precipitation reaction of calcium 
nitrate (Ca(NO3)2∙4H2O)  and ammonium phosphate ((NH4)2HPO4) 8,31. Aluminum 
nitrate (Al(NO3)3 ∙ 9H2O) was used as the aluminum source in synthesizing aluminum 
substituted HA (Al-HA) and aluminum substituted amorphous calcium phosphate (Al-
ACP). All reagents were all obtained from Sigma-Aldrich, and all reagents were used 
as received. De-ionized water (18.2 MΩ) was used for all aqueous solutions. For HA 
synthesis, a 250 mL solution of ammonium phosphate was added to a 250 mL solution 
of calcium nitrate under rapid stirring at room temperature. The final molarity of 
calcium and phosphate was 5 mM and 3 mM, respectively, with a 500mL reaction 
volume, to achieve calcium to phosphate ratio of 1.67. Prior to mixing, the pH of all 
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solution was adjusted to pH 9.5 using concentrated ammonium hydroxide (NH4OH; 
28~30wt%). After mixing, the precipitates were aged in 65⁰C oven for 20 hours. For 
aluminum substituted HA synthesis, all parameters and procedures were kept the same 
as the HA synthesis except for addition of aluminum nitrate in calcium solution to 
obtain a final concentrations ranging from 0.1 mM to 1 mM of Al3+ ions. For Al-HA 
and Al-ACP, the Al3+ concentration is 0.45 mM and 0.9 mM, respectively. After 20 
hours of aging, particles were collected via centrifugation (Thermos Scientific Sorvall 
Legend RT + Centrifuge, 3600 g, 5 min). Collected pellets of particles were triple 
washed by 0.15 M ammonium hydroxide and lyophilized for 72 hours to obtain dry 
particles.  
See Appendices 1-5 and 7 for additional synthetic conditions and results. 
 
2.2.2 Particle characterization 
Particles were characterized by scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) for shape and morphology. Powder x-ray 
diffraction (pXRD), and Fourier transform infrared (FTIR) were used for obtaining 
information on material phase, crystallinity, and local ordering. Induced coupled 
plasma – atomic emission spectroscopy (ICP-AES) was used to analyze elemental 
composition of the synthesized particles. X-ray photoelectron spectroscopy (XPS) was 
used to qualitatively identify surface elemental composition of the particles. 
Particles were aliquoted from the final washing step on to a silicon wafer and 
carbon coated for examination under SEM (Tescan Mira3 FESEM, 5 keV). For TEM, 
particles were dispersed in pure ethanol (200 proof) and dropped onto a carbon-coated 
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copper TEM grid (Electron Microscopy Sciences) and examined by bright-field TEM 
(FEI Tecnai T-12 Spirit, 80 keV). Dried particles were characterized via pXRD 
(Scintag Inc. PAD-X theta-theta X-ray Diffractometer, Cu Kα 1.54 Å , accelerating 
voltage 40 keV, current 40 mA, step-scan, 1.5 deg/min). Particle sizes were 
determined from full width-half max of (002) peak of hydroxyapatite (2Ө = 25.88⁰) 
by applying the Scherrer equation using an Al2O3 standard (JADE 9 software, 
Materials Data, Inc.). KBr pellets were prepared for FTIR (Bruker Hyperion FT-IR 
Spectrometer, 2 cm-1 resolution, 64 scans) spectra scans.  200mg of FTIR-grade KBr 
particles (Sigma-Aldrich) and 2 mg of synthesized particles were mixed and cold-
pressed in to pellets. Particle crystallinities were obtained from the peak splitting 
factor proposed by Weiner and Bar-Yosef 32 normalizing summation of two 
absorbance maxima at 562 cm-1 and 602 cm-1 to the minimum between the two 
maxima. For XPS, photoemission spectra for elemental analysis were acquired using a 
Surface Science Instruments SSX-100 with operating pressure of ~2*10-9 Torr. 
Monochromatic Al K-alpha x-rays (1486.6 eV) were used with beam diameter of 
1 mm. Photoelectrons were collected at a 55˚ emission angle. A hemispherical 
analyzer determined electron kinetic energy, using a pass energy of 150 V. A flood 
gun was used for charge neutralization because samples were insulating. For ICP-
AES, particles were digested in 5% nitric acid prior to analysis. 
See Appendix 6 for Raman characterization of the particles. 
 
2.2.3 Scaffold fabrication 
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3D porous particle containing PLGA scaffolds were fabricated via gas-
foaming/particulate leaching methods previously described in the literature8,27,30. 
Briefly, 4 mg of PLGA particles (Lakeshore Biomaterials, ground and sieved, average 
diameter 250 μm), 4 mg of PLGA microspheres (synthesized via double emulsion 
process, diameter 5~50 μm), 8 mg of synthesized particles (HA, Al-HA, Al-ACP), and 
152 mg of NaCl (JT Baker, sieved to diameter of ~250 μm) were mixed well and cold-
pressed under 2 metric tons in a Carver Press (Fred S. Carver Inc.) for 1 minute. 
Pressed pellets (8 mm diameter, 2 mm thickness) were pressurized in a pressure vessel 
(Parr Instruments 4677) under 800 psi of carbon dioxide gas for 18 hours, followed by 
rapid release of pressure resulting in foaming of polymer matrix. Foamed scaffolds 
were submerged in DI-H2O for 24 hours to leach out porogenic NaCl particles. Blank 
PLGA scaffolds were fabricated with the identical parameters and procedures 
mentioned above with the exception of synthetic particle addition. All scaffolds were 
sterilized in 70% ethanol for 30 minutes and triple-washed in sterile PBS prior to cell 
culture.  See Appendix 8 for additional details.  
 
2.2.4 Scaffold characterization 
Particle exposure to the surfaces of the scaffold pores were initially assessed 
with Alizarin Red staining (VWR Life Science). Scaffolds were immersed in 40 mM 
Alizarin Red staining working solution at room temperature on orbital shaker for 
20 minutes. Scaffolds were then removed and washed with DI water twice and dried 
prior to imaging (Appendix 11).  
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Particle morphology and distribution on pore surfaces of the scaffolds were 
characterized via SEM (LEO 1550, 2kV). Scaffolds were freeze-fractured under liquid 
nitrogen to expose the pores in the central parts of the scaffolds and mounted on 
aluminum SEM stubs (Electron Microscopy Sciences) with carbon tape. Samples were 
subsequently sputter coated using Iridium target. Pore surfaces distant from fractured 
spots were imaged with SEM to best represent the surfaces interacting with cells. See 
Appendix 8 for additional characterization of particles in scaffold. 
 
2.2.5 Cell culture and characterization of tumor cell adhesion behavior 
Human MDA-MB231 breast cancer cells (ATCC) were incubated under 
standard culture conditions (37 ⁰C, 5% CO2) in 10% FBS (Tissue Culture Biologicals) 
supplemented DMEM (Invitrogen) and 1% penicillin/streptomycin (Invitrogen) for 
3 days. For initial cell adhesion studies, sterilized and washed scaffolds were seeded 
with 1.5 million MDA-MB231 cells and subsequently maintained under dynamic 
culture condition on an orbital shaker up to 30 min and non-adhering cells were 
washed with 1mL PBS. PBS used for washing was collected to count and calculate 
number of adhered cells using Bright Line Counting Chamber (Hausser Scientific). To 
measure initial DNA quantity, incubated scaffolds were doubly washed in 1mL PBS 
and lysed in Caron’s buffer by sonication. Centrifugation of lysate and scaffold debris 
were done to collect supernatant DNA content for quantification (QuantiFluor dsDNA 
System, Promega Corporation). 
 
2.2.6 Statistical analysis 
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One-way ANOVA and Student’s t-test were used to determine statistical significance 
among conditions. Tukey’s post-hoc test was used for pairwise significance analysis. 
Significance between the groups and the blank scaffold, HA scaffold, and Al-HA 
scaffold are denoted by (*), (#), and (●), respectively. For all pairwise analysis, p<0.05 
is indicated by single symbol and p<0.01 is indicated by double symbols. Cell culture 
experiments were done in triplicates or more for all conditions. Result data are 
presented as a mean with error bars representing standard deviations.  
 
2.3 Results 
2.3.1 Particle synthesis and Characterization 
HA particles were synthesized via a co-precipitation method in aqueous media. 
To investigate the effect of aluminum substitution in HA, increments of aluminum ion 
concentrations were used in the individual Al-substituted HA syntheses. As aluminum 
concentration was increased in the reaction, we observed morphological changes of 
the resulting particles through electron microscopy. The HA particles have a round 
ended rod-like morphology (Fig. 2.1A) with an average dimension of 50 nm in length 
and 25 nm in width (Fig. 2.1B). Increasing the concentration of aluminum in Al-
substituted HAs showed a gradual increase in the aspect ratio of the particles (Fig. 
2.1C,D; see Appendix 1 for data for lower concentrations). Further increase in the 
aluminum concentration resulted in the appearance of a new particle morphology in 
addition to the elongated needle-like particles. We started observing spherical particles 
together with needle-shaped particles above 0.7 mM aluminum concentration in the 
synthesis (data not shown). The population of spherical particles increased as 
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aluminum concentration was further increased from 0.7 mM. From 0.9 mM aluminum 
concentration and above, we obtained a homogeneous population of spherical particles 
in the synthesis (Fig. 2.1E,F), which were later confirmed to be amorphous particles 
through pXRD (Fig. 2.2) and FTIR (Fig. 2.3). Based on the uniformity of phase and 
morphologies present, particles synthesized with 0 mM, 0.45 mM, and 0.9 mM 
aluminum ion concentrations (HA, Al-HA, and Al-ACP respectively) were selected 
for cell studies.  
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SEM 
HA 
TEM 
Al-HA 
Al-ACP 
Figure 2.1. Electron microscopy (SEM and TEM) images of nanoparticles with 
varying concentrations of Aluminum. Hydroxyapatite (HA) nanoparticles (A, B); 
Aluminum substituted hydroxyapatite (Al-HA) nanoparticles (C, D); Aluminum 
substituted amorphous calcium phosphate (Al-ACP) nanoparticles (E, F) 
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We confirmed the phase of the HA and Al-HA particles as hydroxyapatite 
from pXRD characterization (Fig. 2.2). Broadening of pXRD characteristic peaks of 
hydroxyapatite were observed as the concentration of aluminum was increased in the 
synthesis, indicating aluminum inclusion in the crystallization process decreased the 
crystallinity of particles. The characteristic peaks of HA are present in the Al-HA 
pXRD pattern, indicating that the hydroxyapatite structure is still maintained with 
aluminum inclusion in the structure. In Al-ACP pXRD pattern, a broad band around 
2Ө = 30 ⁰ was observed indicating that Al-ACP particles do not have any long-range 
order indicative of a crystalline material. Scherrer analysis was done on the (002) peak 
(2Ө = 25.8 ⁰) to calculate crystal domain size of synthetic particles (Table 2.1). The 
(002) peak was selected for calculation because of its resolution (i.e., no neighboring 
Figure 2.2. Powder XRD of HA, Al-HA, and Al-ACP particles. Main HA peaks are 
indexed. (Hydroxyapatite; PDF#00-009-0432) 
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characteristic peaks overlap) and its representation of the c-axis in crystal structure. 
Based on the Scherrer analysis, HA particles have an average domain size of 33.5 nm 
and Al-HA particles have a domain size of 16.2 nm. 
 
FTIR spectroscopy was used to assess the structure and chemistry of the 
synthetic particles (Fig. 2.3). Two peaks at 565 and 603 cm-1, corresponding to the 
asymmetric bending modes of phosphate (ν4 phosphate mode), are well resolved in 
HA and Al-HA spectra, indicating the apatitic character of the two synthetic 
particles 33. The peak splitting factor of these ν4 phosphate peaks are also parameters 
used to assess the crystallinity of hydroxyapatites 1,32. The difference of the peak 
splitting factor between HA and Al-HA corroborates the difference in crystallinity 
Figure 2.3. FTIR spectrum of HA, Al-HA, Al-ACP particles. ν4 PO4 mode (565, 
603 cm-1), ν1 PO4 mode (961 cm-1), ν3 PO4 mode (1032, 1094 cm-1) and OH liberation 
mode (633 cm-1) are labeled. 
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observed in pXRD result (Table 2.1). The hydroxide liberation peak at 633 cm-1 is 
observed in crystalline HAs, and the presence of this well-resolved peak in the HA 
spectrum indicates the synthetic hydroxyapatite character of hydroxide’s cationic 
environment 34,35. For Al-ACP, no separation of ν4 phosphate peaks and hydroxide 
liberation peak were observed, indicating Al-ACP does not have apatitic structure and 
it is in a more disordered state, further confirming the broad band observed in pXRD 
that shows that Al-ACP is amorphous (Fig. 2.2; Al-ACP). Peaks at 1032 and 1094 cm-
1 are attributed to ν3 phosphate mode in hydroxyapatite, and these peaks are resolved 
in HA and Al-HA spectra. Similar to ν4 phosphate mode in Al-ACP, ν1 and ν3 
phosphate modes are not resolved as peaks, rather shown as a broad band between 950 
and 1200 cm-1, indicating its amorphous state. The maxima of broad band in ν3 
phosphate mode of Al-ACP is shifted to a higher wavenumber, suggesting the 
presence of acid phosphate in the structure34.  
XPS was used to qualitatively characterize the surfaces of the particles. We 
collected spectra of Al2p for each particle conditions (Fig. 2.4). XPS is a surface 
sensitive characterization technique, and its probing depth is 1~2 nm from the surface. 
Al-HA samples had no prominent peak in the Al2p binding energy region, indicating 
that either the aluminum is at a concentration lower than the detection limit of XPS or 
the surface of Al-HA particles were absent of aluminum species. Al-ACP particles 
showed a prominent peak in the Al2p binding energy region, indicating presence of 
aluminum species on the surfaces of the particles. 
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Quantitative elemental analysis of synthesized particles was done by ICP-AES. 
ICP-AES analysis confirmed that aluminum was incorporated in the particles (Table 
2.1), further implying that incorporation of aluminum in the particle formation resulted 
in changes in particle morphology and crystallinity. Ca/P ratio was used to indirectly 
assign the phase of particles. Biogenic HA tends to have a wide range of Ca/P ratio of 
1.61~1.71. ACP has even wider Ca/P ratio range, from 1.2~2.236,37. Considering the 
computational result from a different study 23, we calculated both Ca2+ and Al3+ 
cations for the (Ca+Al)/P ratio of our synthesized particles, and the ratio was well in 
the range of reported ratios for HA and ACP.  
Figure 2.4. XPS spectra of HA (black), Al-HA (red), and Al-ACP (blue) on 
Al2p binding energy (70~78 eV) region. HA and Al-HA showed no prominent 
detection of aluminum in the particles, whereas Al-ACP shows a distinct peak at 
73.6 eV indicating presence of aluminum on the surface of particles (1~2 nm 
depth from surface). 
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Table 2.1. Elemental composition (wt%), (Ca+Al)/P ratio, Scherrer calculation, dimension, 
and peak splitting factor of synthesized HA, Al-HA, and Al-ACP. 
Figure 2.5. High magnifications of scaffold pore surfaces. Blank PLGA scaffold pore surface 
(A), HA scaffold pore surface (B), Al-HA scaffold pore surface (C), Al-ACP scaffold pore 
surface (D). 
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2.3.2 Scaffold characterization  
A 3D PLGA porous scaffold with two levels of pore size was fabricated via the 
particulate leaching and gas foaming techniques. Addition of synthesized particles to 
the PLGA scaffolds did not show significant alterations of scaffold’s microstructure 
(i.e. wall thickness and pore sizes). Large pores, average diameter of 250 μm, are 
formed from NaCl particulate leaching of the scaffold, whereas small pores, average 
diameter of 10 μm (SEM; see Appendix 8 for additional details of scaffold 
characterization.), are formed via gas foaming method. Different levels of open pores 
in the scaffolds were designed to increase interconnectivity of the pores and increase 
mechanical stability throughout the scaffold network 38.  
For initial macroscopic confirmation of particle exposure to the pore surfaces, 
Alizarin Red staining was done to show the accessibility of particles for cell 
interaction (AR staining; Appendix 11). SEM imaging of the scaffold pore surface 
further showed exposed particles accessible for cell interactions (Fig. 2.5). HA, Al-
HA, and Al-ACP particles maintained their morphology (rod-like, needle-like, and 
spherical morphology, respectively, data not shown) throughout the scaffold 
fabrication process of pellet pressing, CO2 pressurizing, and particulate leaching. 
Regions of dense and sparse particle distributions throughout the pores were observed, 
and similar particle surface coverage was also observed between different scaffolds.  
 
2.3.3 Effect of aluminum substituted particles on MDA-MB231 adhesion  
To determine relevance between breast cancer cells and aluminum 
incorporated MCs, in vitro cell culturing experiments were done by seeding MDA-
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MB231 malignant breast cancer cells into prepared scaffolds. Both cell adhesion 
propensity and DNA quantity at 0 hour between blank-scaffold and HA-scaffold 
conditions confirmed the preference of cells to adhere to HA compared to bare PLGA 
surfaces 8,30. Similar to the previous findings on lower crystalline HA promoting better 
cell adhesion, Al-HA-scaffolds had the highest cell adhesion compared to the more 
crystalline HA-scaffold. However, Al-ACP-scaffolds showed the lowest cell adhesion 
compared to the other two particle-containing scaffolds (Fig. 2.6). The Al-ACP-
scaffold’s result is contradictory to previous reports on crystallinity of HA and cell 
adhesion trend 8, considering Al-ACP particles’ amorphous nature as an extreme end-
point in terms of crystallinity range.  
Figure 2.6. MDA-MB231 cell adhesion onto Blank, HA-, Al-HA-, and Al-ACP-scaffolds as 
quantified via QuantiFluor DNA assay of cell lysates 0.5 hrs after seeding (in black oblique). 
Percentage of cells adhering to the scaffolds from initial cell seeding (1.5mil cells) quantified by 
Bright Line Counting Chamber (in orange). Significance between groups and Blank-, HA-, Al-
HA-, and Al-ACP-scaffolds are denoted by (*), (○), and (●) respectively. In all cases, p < 0.05 is 
denoted by single symbol and p < 0.01 is denoted by double symbols. 
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2.4 Discussion 
To better understand cellular response to biogenic Al-HA, a study on the in 
vitro synthesis of aluminum substituted HA with biological relevance was conducted. 
Previously, syntheses of aluminum substituted HA have been investigated23,24,31,39,40, 
but these methods were not aimed to produce HA with the chemistry, size, and 
crystallinity of biogenic HA. We modified a previously reported 8 aqueous synthesis 
procedure of obtaining HA particles of biological relevance for our aluminum 
substituted HA synthesis. Extensive characterizations (XRD, FTIR, SEM, TEM, ICP, 
and XPS) of our particles showed that HA, Al-HA, and Al-ACP fell under the range of 
biogenic particle size and crystallinity. Peak broadening present in pXRD data 
suggests a decrease in particle size and crystallinity as aluminum is added to the HA 
synthesis. The peak splitting factor and peak broadening of phosphate modes in FTIR 
data showed local symmetry of phosphate species in particles was also decreasing 
with the inclusion of aluminum. ICP-AES data confirmed that the particles contained 
calcium, phosphorous, and aluminum (in Al-HA and Al-ACP). XPS data further 
showed that aluminum is detected only on the surfaces of Al-ACP.  
3D culture systems for studying tumor microenvironment are methods 
designed to better reflect the in vivo tumor behavior in in vitro tumor cell cultures41. In 
vitro 3D PLGA scaffold culture system instigates “3D” tumor formation, reflecting 
complex microenvironment of tumors, such as tumor growth profiles and nutrient 
depletion inherent in cores of tumor tissues29. Addition of HA particles in the PLGA 
scaffold fabrication enables tumors to be studied in in-vitro bone analogs8,30,42,43, and 
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this system can also be used to investigate cell/tissue response in other calcified 
environment, such as MCs found in breast lesions in this study. By utilizing this 
platform we were able to study an in vitro model of MCs and its correlation to breast 
cancer progression. PLGA polymer is not readily degraded and does not contain 
natural adhesion sites, such as integrin binding arginine-glycine-aspartic acid (RGD) 
peptides, allowing us to observe primarily the effects of different particles added to the 
system as MC analogs. And through changing the physicochemistry of the particles 
(specifically inclusion of aluminum in HA in this study), we were able to see how 
breast cancer cells respond to different chemistry of calcified microenvironment.  
Cell adhesion is followed by adsorption of media protein to material surfaces. 
The extent and the strength of protein adsorption often drives the biomaterial’s bio-
activity (e.g. proliferation by activating signaling components of adhesion 
plaques) 44,45. Abnormal upregulation of proliferation is one of the hallmarks of cancer 
that marks the pathology’s malignancy46. Understanding breast cancer cell’s 
proliferation signaling through adhesion to HA (found in MCs) is an approach to 
correlating malignancy of breast cancer to the presence of MCs in the tumor 
microenvironment. Thus, investigating cell adhesion modulated by the 
physicochemical properties of HA in MC is an important first step in evaluating 
progression of breast cancer. 
Previous studies showed that the physicochemical properties, specifically the 
crystallinity of HA particles, are highly relevant to propensity of protein adsorption 
and conformation upon adsorption on particle surfaces 7. In a study done by Wu et al., 
7 less crystalline HA particles showed more negative surface charge (zeta-potential) 
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resulting in stronger electrostatic interactions with proteins. From this electrostatic 
interaction, less crystalline HA particles were shown to adsorb more protein compared 
to high crystalline HA particles 7. Furthermore, quantity and quality of protein 
adsorption on the surfaces of biomaterials mainly dictates cell adhesion propensity. 
Based on these reports, our results on blank-, HA-, and Al-HA-scaffold cell adhesion 
correspond to the proposed surface charge model, but not for the Al-ACP-scaffold. 
We were expecting to see the highest cell adhesion from Al-ACP-scaffold, given its 
amorphous nature, but we observed the lowest cell adhesion (Fig. 2.6). The 
amorphous structure of Al-ACP is expected to have more negative charges exposed on 
the surface, because of the disordered assembly of ions. These ions would be expected 
to increase protein adsorption and available integrin binding sites for cell adhesion. 
This crystallinity and surface charge model was only applicable to HA- and Al-HA-
scaffold’s cell adhesion data, requiring alternative parameter, Al3+, to be included in 
explaining the Al-ACP-scaffold’s cell adhesion result.  
On the particle surface of Al-ACP, the aluminum may take part in forming 
ionic complexes that neutralize the surface charge of the particles, which further leads 
to a lower amount of protein adsorption and to less cell adhesion compared with the 
HA and Al-HA particles. Wavellite (Al3(PO4)2(OH)2∙5H2O) is an aluminum phosphate 
mineral found in earth’s crust, and geological wavellite’s electrokinetic properties 
(i.e., surface charge) and chemistry have been characterized47. Wavellite’s abundance 
in Al3+ results in various ionic aluminum species (Al3+, Al(OH)2
+, Al(OH)2+, and 
Al(OH)4
-) that participate in lowering negative surface charge when compared to 
geologic HA47,48. Surface sensitive XPS analysis (Fig. 2.4) shows that Al-ACP 
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contains aluminum species on the surface of the particles, which further indicates that 
these aluminum species will actively be involved in creating more positive (i.e., less 
negative) surface charge. In comparison to Al-ACP, Al-HA was shown to contain no 
or undetectable amounts of aluminum species on the particle surface according to XPS 
data. This XPS result suggests that the increase in surface charge due to crystallinity 
dominates the cell adhesion mechanism (initially via protein adsorption) in HA and 
Al-HA, where at higher aluminum concentrations, Al-ACP, the effect of ionic 
aluminum species on the surface dominate the cellular adhesion mechanism. Thus, we 
propose ionic incorporations in calcium phosphate particles, along with crystallinity, 
as a guiding factor for cell adhesion. 
 
2.5 Conclusion 
We fabricated HA, Al-HA, and Al-ACP particles in a cell-culture system that 
mimics the microenvironments of calcified tissues, particularly in this work as MCs of 
breast cancer lesions. By incorporating aluminum in the particles, we were able to 
conduct in vitro assessment reflecting recent findings of aluminum incorporation in 
HA in the context of breast cancer 56. Aluminum inclusion in HA results in a decrease 
in crystallinity and changes in morphology from a round, rod-like into a thinner, 
needle-like morphology when compared to pure HA. Further inclusion of aluminum 
results in formation of spherical Al-ACP particles. In our cell studies of MDA-
MB231, we found that the Al-HA scaffold induced a similar amount of cell adhesion 
compared to the HA scaffold. Whereas, the Al-ACP scaffold induced relatively less 
cell adhesion compared to HA scaffold. Our Al-ACP scaffold system shows the least 
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amount of cell adhesion, which is in disagreement with previous reports, suggesting 
chemistry of calcium phosphate particles, along with crystallinity, play a role in cell 
adhesion. First principle calculations of aluminum substituted HA show aluminum is 
substituting in the Ca(II) site of the HA crystal 23. Further characterization techniques 
such as X-ray absorption spectroscopy utilizing synchrotron radiation sources will be 
necessary to experimentally validate substitution sites and oxidation states of 
aluminum in HA for our system. Although specific substitution sites and its 
implications to cell responses were unknown, characterizations performed here were 
sufficient to categorize particles to be biologically relevant. This research lays the 
groundwork for future studies to investigate the role of Al-HA in breast cancer 
diagnosis and prognosis. 
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Chapter 3. 
Conclusion and Future Works 
 
3.1 Conclusion and future works 
 The aims of this thesis were to synthesize biologically relevant Al-HA 
particles, characterize the physicochemical properties of these materials, and begin to 
understand the role of Al-HA in breast cancer pathology and progression. I developed 
an aqueous co-precipitation method to synthesize Al-HA with controlled amount of 
aluminum substitution. Various characterization techniques such as pXRD, vibrational 
spectroscopy (FTIR and Raman), electron microscopy (SEM and TEM), and XPS 
were used. From electron microscopy, I found that with increasing concentration of 
aluminum, particle morphologies change from round-ended rod-like shape to more 
thinner and elongated needle-like shape. Further increase of aluminum resulted in 
formation of amorphous particles (Al-ACP). From pXRD and vibrational 
spectroscopy, I found that aluminum inhibits crystallization of HA and induces 
decrease in long-range order and local ordering of the crystal. From XPS data, it was 
determined that aluminum species were localized in the bulk of Al-HA particles, 
whereas Al-ACP had aluminum species on the surface and in the bulk of particles. 
However, with the available characterization techniques, the aluminum’s substitution 
site in the HA structure was not accessible. Due to lack of crystallinity in the Al-HA 
and Al-ACP particles, techniques utilizing structural probes available for non-
crystalline and highly disordered materials, such as x-ray absorption spectroscopy, is 
required. Despite the lack of atomic scale characterization and understanding of Al-
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HA, I obtained sufficient information to conclude that the synthetic materials (HA, Al-
HA, and Al-ACP) are biologically relevant and therefore proceeded to apply the 
materials for breast cancer cell studies.  
 To understand the pathological role of Al-HA involved MCs found in breast 
tissue, I adopted a 3D porous PLGA scaffold cell culture system for in vitro cell 
culture experiments. MDA-MB231 cells were seeded and cultured to assess cell 
adhesion on different materials conditions. I found out that cells adhere better on Al-
HA-scaffolds compared to HA-scaffolds, whereas less adhesion on Al-ACP-scaffolds 
were observed. Based on work done by Wu et al., less crystalline HA showed more 
negative electrostatic interactions with proteins, which results in favorable surface 
modifications (i.e. more protein adsorption) for cell adhesion 1. Adopting the results of 
Wu et al., I propose that scaffolds containing lower crystalline Al-HA resulted in 
higher cell adhesion. I further hypothesized that relatively aluminum rich surfaces of 
Al-ACP particles resulted in positive increase of surface charge creating unfavorable 
adhesion surfaces for cells. To further validate this hypothesis, careful measurement of 
surface charge (zeta-potential) of the Al-HA and Al-ACP particles is required. 
 Determination of cell adhesion propensity depending on our cell adhesion 
study suggests Al-HA involved MC microenvironment may lead to increased growth 
of tumor cells. Activation of focal adhesion plaques (assembly of adhesion related 
biomolecules initiated by adhesion receptors) depending on the strength of cell 
adhesion plays a role in cell growth and cell activity 2,3. To further venture into breast 
cancer cell adhesion results from this thesis, observation of adhered cell morphology 
through microscopy is suggested to indirectly validate cell surface interactions to Al-
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HA and Al-ACP. Investigations of other cancer cell lines and malignancies can also 
provide insight into cell-specific responses to these mineral particles, see Appendix 10 
for preliminary results using a different cell line.  
 SEM, XRD, and Alizarin Red staining data of our scaffold system showed that 
scaffold surfaces have particles with properties that of freshly synthesized particles. 
However, I encountered difficulty in obtaining consistent results of cell growth and 
secretions of soluble factors from multiple 72 hour cell culture experiments (see 
Appendix 9 for preliminary results). To understand the cause of inconsistency and to 
optimize longer cell culture experiment, further characterization of scaffolds and 
optimization of cell seeding procedure is required. Measurements of pore sizes and its 
distribution, investigating cell seeding conditions, and culturing different breast cancer 
cell line may be of interest in further optimizing this experimental system.  
 Results from this thesis have laid down the groundwork to better understand 
the MC’s materials properties and its connections to breast cancer. I hope that further 
application of different materials, different breast cancer cells, and different culture 
condition help us achieve deeper understanding of the pathological connections to 
MCs and how microenvironments of breast tumor have effect in cancer progression. 
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Appendix 1 
Aluminum Substituted Hydroxyapatite Synthesis Optimization 
 
A.1.1. Particle Synthesis 
i. Post-mix pH adjustment / Ammonia (x1), DI Water (x2) Washing / Ambient 
Drying 
Particles were synthesized via an aqueous precipitation reaction of calcium salt 
and phosphate salt 1,2. Aluminum nitrate (Al(NO3)3 ∙ 9H2O) was used as the aluminum 
source in synthesizing aluminum substituted HA (Al-HA) and aluminum substituted 
amorphous calcium phosphate (Al-ACP). Ca(NO3)2∙4H2O, (NH4)2HPO4, and 
Al(NO3)3∙9H2O were all obtained from Sigma-Aldrich, and all reagents were used as 
received. De-ionized water (18.2 MΩ) was used for all aqueous solutions. For HA 
synthesis, a 250 mL solution of (NH4)2HPO4 was added to a 250 mL solution of 
Ca(NO3)2∙4H2O under rapid stirring at room temperature. The final molarity of 
calcium and phosphate was 5 mM and 3 mM, respectively, with a 500mL reaction 
volume, to achieve calcium to phosphate ratio of 1.67. Right after mixing, the pH of 
the solution was adjusted to 9.5 using concentrated NH4OH (28~30wt%). After pH 
adjustment, the precipitates were aged in 65⁰C oven for 20 hours. For aluminum 
substituted HA synthesis, all parameters and procedures were kept the same as the HA 
synthesis except for addition of Al(NO3)3∙9H2O in calcium solution to obtain a final 
concentrations ranging from 0.1 mM to 1 mM of Al3+ ions. After 20 hours of aging, 
particles were collected via centrifugation (Thermos Scientific Sorvall Legend RT + 
Centrifuge, 3600 g, 5 min). Collected pellets of particles were washed with 0.15 M 
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NH4OH once, and with DI water twice. Washed and centrifuged pellets were dried 
under ambient condition for 72 hrs.  
 
ii. Pre-mix pH adjustment / Ammonia (x3) Washing / Lyophilization 
Particles were synthesized via an aqueous precipitation reaction of calcium salt 
and phosphate salt 1,2. Aluminum nitrate (Al(NO3)3 ∙ 9H2O) was used as the aluminum 
source in synthesizing aluminum substituted HA (Al-HA) and aluminum substituted 
amorphous calcium phosphate (Al-ACP). Ca(NO3)2∙4H2O, (NH4)2HPO4, and 
Al(NO3)3∙9H2O were all obtained from Sigma-Aldrich, and all reagents were used as 
received. De-ionized water (18.2 MΩ) was used for all aqueous solutions. For HA 
synthesis, a 250 mL solution of (NH4)2HPO4 was added to a 250 mL solution of 
Ca(NO3)2∙4H2O under rapid stirring at room temperature. The final molarity of 
calcium and phosphate was 5 mM and 3 mM, respectively, with a 500mL reaction 
volume, to achieve calcium to phosphate ratio of 1.67. Prior to mixing, the pH of all 
solutions were adjusted to 9.5 using concentrated NH4OH (28~30wt%). After mixing, 
the precipitates were aged in 65⁰C oven for 20 hours. For aluminum substituted HA 
synthesis, all parameters and procedures were kept the same as the HA synthesis 
except for addition of Al(NO3)3∙9H2O in calcium solution to obtain a final 
concentrations ranging from 0.1mM to 1mM of Al3+ ions. After 20 hours of aging, 
particles were collected via centrifugation (Thermos Scientific Sorvall Legend RT + 
Centrifuge, 3600 g, 5 min). Collected pellets of particles were washed with 0.15 M 
NH4OH three times. Washed and centrifuged pellets were lyophilized for 72 hours to 
obtain dry particles.  
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A.1.2. Particle Characterization 
Particles were characterized by scanning electron microscopy (SEM) for shape 
and morphology. Powder x-ray diffraction (pXRD) was used for obtaining information 
on material phase and crystallinity. 
Particles were aliquoted from the final washing step on to a silicon wafer and 
carbon coated for examination under SEM (Tescan Mira3 FESEM, 5kV). Dried 
particles were characterized via pXRD (Scintag Inc. PAD-X theta-theta X-ray 
Diffractometer, Cu Kα 1.54Å, accelerating voltage 40kV, current 40mA, step-scan, 
1.5 deg/min).  
 
A.1.3. Solution chemistry calculation 
 Visual MINTEQ 3.1 was used to calculate and hypothesize the solution 
chemistry between two reaction conditions. To calculate the reacting chemical (ionic) 
species in calcium and aluminum solution prior to mixing, parameters of pH 6.5 and 
pH 9.5 in room temperature were determined for 5 mM Ca2+ and 0.45 mM Al3+ 
aqueous solutions. Also, in addition to calcium and aluminum, 3 mM phosphate was 
also added in the calculation to also predict the ionic species in the reaction vessels. 
 
A.1.3. Results  
 SEM data for both post-mix and pre-mix pH adjustment procedures, shows 
that particle becomes elongated and thinner as the aluminum concentration is 
increased in the synthesis. Also, at high concentrations of aluminum, different particle 
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morphology (sphere-shape) appears in the product along with the needle-shaped 
particles. One thing to notice is that the concentration of aluminum for the initial 
appearance of sphere-shaped particles is different from post-mix and pre-mix pH 
adjustments. Both XRD data shows the decrease of crystallinity for these two 
procedures.  
 The pH of solutions for post-mix procedure was in the range of 6.0 to 6.7, and 
for pre-mix procedure was in the range of 9.1 to 9.3. Aluminum concentration of 
0.45mM for both procedures were used for Visual MINTEQ 3.1 calculation and pH of 
6.5 and 9.5 for post-mix and pre-mix, respectively.  
 
 
  
49 
 
 
 
  
0mM (exp.1-10-1) 0.1mM (exp.1-0-1) 0.2mM (exp.1-1-1) 
0.3mM (exp.1-5-1) 0.4mM (exp.1-6-1) 0.5mM (exp.1-2-1) 
0.6mM (exp.1-7-1) 0.7mM (exp.1-3-1) 0.9mM (exp.1-4-1) 
1mM (exp.1-11-1) 
Figure A.1-1. SEM images of post-mix pH adjusted particles with different 
concentrations of aluminum 
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0mM (exp.16-1-1) 0.15mM (exp.16-4-1) 
0.3mM (exp.16-5-1) 0.45mM (exp.16-2-1) 0.5mM (exp.16-6-1) 
0.6mM (exp.16-7-1) 0.7mM (exp.16-8-1) 0.8mM (exp.16-9-1) 
0.9mM (exp.16-3-1) 
Figure A.1-2. SEM images of pre-mix pH adjusted particles with different 
concentrations of aluminum 
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Figure A.1-3. XRD of post-mix pH adjusted particles with different concentrations of 
aluminum 
Figure A.1-4. XRD of pre-mix pH adjusted particles with different concentrations of 
aluminum 
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Figure A.1-5. Real time pH measurement of precipitation reactions of HA and Al-HA (0.45 
mM) 
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Table A.1-1. Visual MINTEQ 3.1 data of calcium (5 mM) and aluminum (0.45mM) in 
pH 6.5 and pH 9.5 aqueous solution. Ionic species in different pH conditions are 
shown in the table. Difference in aluminum species depending on pH implies different 
reaction may occur upon introduction of phosphate ions for precipitation reaction. 
   
pH 6.5 Al and Ca only; species     
  Component % of total concentration Species name 
  Ca+2 100 Ca+2 
  Al+3 0.108 Al+3 
    0.08 Al3(OH)4+5 
    0.017 Al2(OH)2+4 
    2.039 AlOH+2 
    23.803 Al(OH)2+ 
    27.121 Al(OH)3 (aq) 
    46.832 Al(OH)4- 
pH 9.5       
  Component % of total concentration Species name 
  Ca+2 99.954 Ca+2 
    0.046 CaOH+ 
  Al+3 0.058 Al(OH)3 (aq) 
    99.942 Al(OH)4- 
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Appendix 2 
Aluminum Substituted Hydroxyapatite Synthesis at Lower pH 
 
A.2.1. Particle Synthesis 
i. No pH adjustment / Ammonia (x1), DI Water (x2) Washing / Ambient Drying 
Particles were synthesized via an aqueous precipitation reaction of calcium salt 
and phosphate salt 1,2. Aluminum nitrate (Al(NO3)3 ∙ 9H2O) was used as the aluminum 
source in synthesizing aluminum substituted HA (Al-HA) and aluminum substituted 
amorphous calcium phosphate (Al-ACP). Ca(NO3)2∙4H2O, (NH4)2HPO4, and 
Al(NO3)3∙9H2O were all obtained from Sigma-Aldrich, and all reagents were used as 
received. De-ionized water (18.2 MΩ) was used for all aqueous solutions. For HA 
synthesis, a 250 mL solution of (NH4)2HPO4 was added to a 250 mL solution of 
Ca(NO3)2∙4H2O under rapid stirring at room temperature. The final molarity of 
calcium and phosphate was 5 mM and 3 mM, respectively, with a 500mL reaction 
volume, to achieve calcium to phosphate ratio of 1.67. After mixing, the precipitates 
were aged in 65⁰C oven for 20 hours. For aluminum substituted HA synthesis, all 
parameters and procedures were kept the same as the HA synthesis except for addition 
of Al(NO3)3∙9H2O in calcium solution to obtain a final concentrations of 0.45 mM and 
0.9 mM of Al3+ ions. After 20 hours of aging, particles were collected via 
centrifugation (Thermos Scientific Sorvall Legend RT + Centrifuge, 3600g, 5min). 
Collected pellets of particles were washed with 0.15 M NH4OH once, and with DI 
water twice. Washed and centrifuged pellets were dried under ambient condition for 
72 hrs.  
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ii. pH adjustment to 6.5 / Ammonia (x3) Washing / Lyophilization 
Particles were synthesized via an aqueous precipitation reaction of calcium salt 
and phosphate salt 1,2. Aluminum nitrate (Al(NO3)3 ∙ 9H2O) was used as the aluminum 
source in synthesizing aluminum substituted HA (Al-HA) and aluminum substituted 
amorphous calcium phosphate (Al-ACP). Ca(NO3)2∙4H2O, (NH4)2HPO4, and 
Al(NO3)3∙9H2O were all obtained from Sigma-Aldrich, and all reagents were used as 
received. De-ionized water (18.2 MΩ) was used for all aqueous solutions. For HA 
synthesis, a 250 mL solution of (NH4)2HPO4 was added to a 250 mL solution of 
Ca(NO3)2∙4H2O under rapid stirring at room temperature. The final molarity of 
calcium and phosphate was 5 mM and 3 mM, respectively, with a 500mL reaction 
volume, to achieve calcium to phosphate ratio of 1.67. Prior to mixing, the pH of all 
solutions were adjusted to 6.5 using either concentrated NH4OH (28~30wt%) or 5 % 
HNO3. After mixing, the precipitates were aged in 65⁰C oven for 20 hours. For 
aluminum substituted HA synthesis, all parameters and procedures were kept the same 
as the HA synthesis except for addition of Al(NO3)3∙9H2O in calcium solution to 
obtain a final concentrations of 0.45 mM of Al3+ ions. After 20 hours of aging, 
particles were collected via centrifugation (Thermos Scientific Sorvall Legend RT + 
Centrifuge, 3600g, 5min). Collected pellets of particles were washed with 0.15 M 
NH4OH three times. Washed and centrifuged pellets were lyophilized for 72 hours to 
obtain dry particles.  
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A.2.2 Particle characterization 
Powder x-ray diffraction (pXRD) was used for obtaining information on 
material phase and crystallinity. Dried particles were characterized via pXRD (Scintag 
Inc. PAD-X theta-theta X-ray Diffractometer, Cu Kα 1.54Å, accelerating voltage 
40kV, current 40mA, step-scan, 1.5 deg/min). 
 
A.2.3. Results 
 Low pH synthesis was conducted to understand how pH effects particle 
formation and its morphologies. As concentration of aluminum was increased, pH of 
mixed solutions became lower. And with pH of mixed solution lower than 6.5, we 
observed formation of octacalcium phosphate (OCP) as the result of syntheses.  
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Figure A.2-1. Powder XRD data for particle synthesis without pH adjustments. 
Figure A.2-2. Powder XRD data for particle synthesis with pH adjustment to 6.5. 
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Appendix 3 
Aluminum Substituted Hydroxyapatite Using Aluminate for Aluminum Source 
 
A.3.1. Particle Synthesis 
Post-mix pH adjustment / Ammonia (x3) Washing / Lyophilization 
Particles were synthesized via an aqueous precipitation reaction of calcium salt 
and phosphate salt 1,2. Sodium aluminate (Na2O∙Al2O3 ) was used as the aluminum 
source in synthesizing aluminum substituted HA (AlO2-HA) and aluminum 
substituted amorphous calcium phosphate (Al-ACP). Ca(NO3)2∙4H2O, (NH4)2HPO4, 
and Na2O∙Al2O3 were all obtained from Sigma-Aldrich, and all reagents were used as 
received. De-ionized water (18.2 MΩ) was used for all aqueous solutions. For HA 
synthesis, a 250 mL solution of (NH4)2HPO4 was added to a 250 mL solution of 
Ca(NO3)2∙4H2O under rapid stirring at room temperature. The final molarity of 
calcium and phosphate was 5 mM and 3 mM, respectively, with a 500mL reaction 
volume, to achieve calcium to phosphate ratio of 1.67. Right after mixing, the pH of 
the solution was adjusted to 9.5 using concentrated NH4OH (28~30wt%). After pH 
adjustment, the precipitates were aged in 65⁰C oven for 20 hours. For aluminum 
substituted HA synthesis, all parameters and procedures were kept the same as the HA 
synthesis except for addition of Na2O∙Al2O3 in calcium solution to obtain a final 
concentrations 0.45, 0.9, and 1.2 mM of AlO2
- ions. After 20 hours of aging, particles 
were collected via centrifugation (Thermos Scientific Sorvall Legend RT + 
Centrifuge, 3600g, 5min). Collected pellets of particles were washed with 0.15 M 
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NH4OH three times. Washed and centrifuged pellets were lyophilized for 72 hours to 
obtain dry particles.  
 
A.3.2. Particle Characterization 
Particles were characterized by scanning electron microscopy (SEM) for shape 
and morphology. Powder x-ray diffraction (pXRD) was used for obtaining information 
on material phase and crystallinity. Raman and Fourier Transform Infra-Red 
spectroscopy were used for chemical analysis.  
Particles were aliquoted from the final washing step on to a silicon wafer and 
carbon coated for examination under SEM (Tescan Mira3 FESEM, 5kV). Dried 
particles were characterized via pXRD (Scintag Inc. PAD-X theta-theta X-ray 
Diffractometer, Cu Kα 1.54Å, accelerating voltage 40kV, current 40mA, step-scan, 
1.5 deg/min). Raman (Renishaw InVia Confocal Raman Microscope, 532nm 
excitation wavelength) spectra was obtained directly from dry particles staged on the 
microscope. Collected spectra were normalized to ν1 phosphate peak intensity. 
 
A.3.3. Results 
 Aluminate salt was used as the source of aluminum for these aluminum 
substituted HAs. With higher concentrations of aluminate, macro-scale size particles 
different from majority of nanoparticles (other than needle-like and sphere shaped 
particles) were observed.  
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AlO2
-
 0.45 mM 
(Exp.13-1-1) 
AlO2
-
 0.9 mM  
(Exp.13-2-1) 
AlO2
-
 1.2 mM  
(Exp.13-3-1) 
AlO2
-
 1.2 mM  
(Exp.13-3-1) 
AlO2
-
 0.9 mM  
(Exp.13-2-1) 
Figure A.3-1. SEM images of particles synthesized with aluminate salt. With high 
concentrations of aluminate, formation of macro-scale size particles were observed. 
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Figure A.3-2. Powder XRD data of particles synthesized with aluminate salt.  
Figure A.3-3. FTIR spectra of particles synthesized with aluminate salt.  
62 
 
 
 
  
Figure A.3-4. Raman spectra of particles synthesized with aluminate salt. 
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Appendix 4 
Aluminum Substituted Hydroxyapatite Synthesized via Hydrothermal Synthesis 
 
A.4.1. Hydrothermal Particle Synthesis 
 Particles were synthesized via an aqueous precipitation reaction of calcium salt 
and phosphate salt 1,2. Aluminum nitrate (Al(NO3)3 ∙ 9H2O) was used as the aluminum 
source in synthesizing aluminum substituted HA (Al-HA) and aluminum substituted 
amorphous calcium phosphate (Al-ACP). Ca(NO3)2∙4H2O, (NH4)2HPO4, and 
Al(NO3)3∙9H2O were all obtained from Sigma-Aldrich, and all reagents were used as 
received. De-ionized water (18.2 MΩ) was used for all aqueous solutions. For HA 
synthesis, a 250 mL solution of (NH4)2HPO4 was added to a 250 mL solution of 
Ca(NO3)2∙4H2O under rapid stirring at room temperature. The final molarity of 
calcium and phosphate was 5 mM and 3 mM, respectively, with a 500mL reaction 
volume, to achieve calcium to phosphate ratio of 1.67. After mixing, 80 mL of 
suspensions were poured into a Teflon vessel and screwed tight in a parrbomb (Parr 
Instruments, IL, USA). Suspension containing parrbomb was then placed in 180 ⁰C 
furnace for 72hrs (Dwell time: 72hrs). Rest of the precipitates were aged in 65 ⁰C 
oven for 20 hours. For aluminum substituted HA synthesis, all parameters and 
procedures were kept the same as the HA synthesis except for addition of 
Al(NO3)3∙9H2O in calcium solution to obtain final concentrations of 0.45 mM and 0.9 
mM of Al3+ ions. After 72 hours of aging for Parrbomb aged particles, crystals were 
collected via centrifugation (Thermos Scientific Sorvall Legend RT + Centrifuge, 
3600 g, 5 min). For oven aged particles, after 20 hours of aging, were collected via 
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centrifugation (Thermos Scientific Sorvall Legend RT + Centrifuge, 3600 g, 5 min). 
Collected pellets of particles (parrbomb and oven-aged) were washed with 0.15 M 
NH4OH three times. Washed and centrifuged pellets were lyophilized for 72 hours to 
obtain dry particles. 
 
A.4.2. Particle Characterization 
Particles were characterized by scanning electron microscopy (SEM) for shape 
and morphology. Powder x-ray diffraction (pXRD) was used for obtaining information 
on material phase and crystallinity. Energy Dispersed X-ray spectroscopy (EDX) was 
used to map the distributions of elements (Ca, P, and Al) in the particles. 
Particles were aliquoted from the final washing step on to a silicon wafer and carbon 
coated for examination under SEM (Tescan Mira3 FESEM, 5kV). EDX spectroscopy 
data was obtained right after SEM image acquisitions in the same instrument. The 
working distance was increased above 15 mm for X-ray detection and beam voltage 
was raised to 20 kV to maximize counts for efficiency. Dried particles were 
characterized via pXRD (Scintag Inc. PAD-X theta-theta X-ray Diffractometer, Cu Kα 
1.54Å , accelerating voltage 40kV, current 40mA, step-scan, 1.5 deg/min). 
 
A.4.3. Results 
 Hydrothermal particle syntheses with aluminum resulted in segregation of 
aluminum species. With high temperature and pressure of reaction, it is shown that 
aluminum is not incorporated in HA and segregated to crystallize into aluminum oxide 
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particles. EDX mapping data shows localization of alumimum on macro-scale sized 
particles and pXRD data shows that these particles are Bohmite (AlO(OH)).  
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Al 0 mM 
(Exp.14-2-1) 
Al 0.9 mM 
(Exp.12-1-1) 
Al 0.9 mM 
(Exp.12-1-1) 
Al 0.45 mM 
(Exp.14-1-1) 
Al 0.45 mM 
(Exp.14-1-1) 
Figure A.4-1. SEM images of particles. Macro-scale particles of Bohmite was 
observed. 
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Al 0.9 mM 
(Exp.12-1-1) 
Figure A.4-2. EDX spectroscopy mapping of nanoparticles and macro-scale sized 
particles. Aluminum is localized on the macro-scale sized particles. 
Figure A.4-3. Powder XRD data for hydrothermally synthesized particles. Aluminum 
concentrations of 0.45 mM and 0.9 mM syntheses shows mixture of HA and Bohmite 
(AlO(OH)). 
68 
 
Appendix 5 
Amorphous calcium phosphate (ACP) synthesis and characterization 
 
A.5.1 Particle Synthesis 
 Particles were synthesized via an aqueous precipitation reaction of calcium salt 
and phosphate salt 1–3. Ca(NO3)2∙4H2O, (NH4)2HPO4, and NH4OH were all obtained 
from Sigma-Aldrich, and all reagents were used as received. De-ionized water (18.2 
MΩ) was used for all aqueous solutions.  
For HA synthesis, a 250 mL solution of (NH4)2HPO4 was added to a 250 mL 
solution of Ca(NO3)2∙4H2O under rapid stirring at room temperature. The final 
molarity of calcium and phosphate was 5 mM and 3 mM, respectively, with a 500mL 
reaction volume, to achieve calcium to phosphate ratio of 1.67. Prior to mixing, the pH 
of all solutions were adjusted to 9.5 using concentrated NH4OH (28~30wt%). After 
mixing, the precipitates were aged in 65⁰C oven for 20 hours. After 20 hours of aging, 
particles were collected via centrifugation (Thermos Scientific Sorvall Legend RT + 
Centrifuge, 3600 g, 5 min). Collected pellets of particles were washed with 0.15 M 
NH4OH three times. Washed and centrifuged pellets were lyophilized for 72 hours to 
obtain dry particles. 
For amorphous calcium phosphate (ACP) synthesis, 9 mL of 0.35 M calcium 
nitrate solution and 21 mL of 0.158 M ammonium phosphate solutions were prepared 
and cooled to 4 ⁰C prior to use. Prepared phosphate solution in a 50 mL beaker was 
placed in an ice bath under a rapid stir (stir rate ≈ 1150 rpm). Cooled calcium solution 
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was poured into stirring phosphate solution to obtain precipitations instantaneously. 
The suspension was centrifuged 3601g at 4 ⁰C for 3 minutes and washed with 4 ⁰C DI 
water (Thermos Scientific Sorvall Legend RT + Centrifuge, 3600g, 5min). The 
washing procedure was repeated three times and lyophilized for 72 hours to obtain dry 
particles. 
 
A.5.2. Particle characterization 
 Particles were aliquoted from the final washing step on to a silicon wafer and 
carbon coated for examination under SEM (Tescan Mira3 FESEM, 5kV). Dried 
particles were characterized via pXRD (Scintag Inc. PAD-X theta-theta X-ray 
Diffractometer, Cu Kα 1.54Å, accelerating voltage 40kV, current 40mA, step-scan, 
1.5 deg/min). KBr pellets were prepared for FTIR (Bruker Hyperion FT-IR 
Spectrometer, 2cm-1 resolution, 64 scans) spectra scans.  200mg of FTIR-grade KBr 
particles (Sigma-Aldrich) and 2mg of synthesized particles were mixed and cold-
pressed into pellets. Raman (Renishaw InVia Confocal Raman Microscope, 532nm 
excitation wavelength) spectra were obtained directly from dry particles staged on a 
clean glass slide. Collected spectra were normalized to ν1 phosphate peak intensity. 
KBr pellets were prepared for FTIR (Bruker Hyperion FT-IR Spectrometer, 2cm-1 
resolution, 64 scans) spectra scans.  200 mg of FTIR-grade KBr particles (Sigma-
Aldrich) and 2 mg of synthesized particles were mixed and cold-pressed in to pellets. 
The spectra were normalized to the ν3 phosphate peak intensity. 
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A.5.3. Results 
 Amorphous calcium phosphate particles were synthesized via aqueous 
precipitation reaction and the reaction temperature was maintained low. Sphere shaped 
particle morphology and broad band in the pXRD pattern indicates that the particles 
lack long-range order. From FTIR and Raman spectroscopy, broad bands of phosphate 
modes further shows lack of local ordering of phosphate groups in the particles.  
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Figure A.5-1. SEM image of ACP particles 
Figure A.5-2. XRD of ACP and HA 
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Figure A.5-3. FTIR spectra of ACP and HA 
Figure A.5-4. Raman spectra of ACP and HA 
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Appendix 6 
Raman spectroscopy data for aluminum substituted HA 
 
A.6.1 Particle synthesis - Pre-mix pH adjustment / Ammonia (x3) Washing / 
Lyophilization 
Particles were synthesized via an aqueous precipitation reaction of calcium salt 
and phosphate salt 1,2. Aluminum nitrate (Al(NO3)3 ∙ 9H2O) was used as the aluminum 
source in synthesizing aluminum substituted HA (Al-HA) and aluminum substituted 
amorphous calcium phosphate (Al-ACP). Ca(NO3)2∙4H2O, (NH4)2HPO4, and 
Al(NO3)3∙9H2O were all obtained from Sigma-Aldrich, and all reagents were used as 
received. De-ionized water (18.2 MΩ) was used for all aqueous solutions. For HA 
synthesis, a 250 mL solution of (NH4)2HPO4 was added to a 250 mL solution of 
Ca(NO3)2∙4H2O under rapid stirring at room temperature. The final molarity of 
calcium and phosphate was 5 mM and 3 mM, respectively, with a 500mL reaction 
volume, to achieve calcium to phosphate ratio of 1.67. Prior to mixing, the pH of all 
solutions were adjusted to 9.5 using concentrated NH4OH (28~30wt%). After mixing, 
the precipitates were aged in 65⁰C oven for 20 hours. For aluminum substituted HA 
synthesis, all parameters and procedures were kept the same as the HA synthesis 
except for addition of Al(NO3)3∙9H2O in calcium solution to obtain a final 
concentrations ranging from 0.1mM to 1mM of Al3+ ions. For Al-HA and Al-ACP, the 
Al3+ concentration is 0.45mM and 0.9mM, respectively. After 20 hours of aging, 
particles were collected via centrifugation (Thermos Scientific Sorvall Legend RT + 
Centrifuge, 3600g, 5min). Collected pellets of particles were washed with 0.15 M 
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NH4OH three times. Washed and centrifuged pellets were lyophilized for 72 hours to 
obtain dry particles.  
 
A.6.2. Raman spectroscopy characterization 
 Raman (Renishaw InVia Confocal Raman Microscope, 532nm excitation 
wavelength) spectra was obtained directly from dry particles staged on the 
microscope. Collected spectra were normalized to ν1 phosphate peak intensity. 
 
A.6.3. Results 
 Increase in aluminum concentration resulted in decrease of local ordering of 
synthesized materials, which is shown by the broadening of the phosphate peaks. With 
the increase of aluminum in the particles, there is also increase in the water band at 
3000~3500 cm-1, along with decrease in hydroxyl mode at 3565 cm-1.  
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Figure A.6-1. Raman spectra of HA, Al-HA (0.45 mM), and Al-ACP (0.9 mM) 
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Appendix 7 
Co-substitution of Aluminum and Carbonate in Hydroxyapatite 
 
A.7.1. Particle synthesis 
Particles were synthesized via an aqueous precipitation reaction of calcium salt 
and phosphate salt 1,2. Aluminum nitrate (Al(NO3)3 ∙ 9H2O) was used as the aluminum 
source in synthesizing aluminum substituted HA (Al-HA) and aluminum substituted 
amorphous calcium phosphate (Al-ACP). Ca(NO3)2∙4H2O, (NH4)2HPO4, 
Al(NO3)3∙9H2O, and (NH4)2CO3 were all obtained from Sigma-Aldrich, and all 
reagents were used as received. De-ionized water (18.2 MΩ) was used for all aqueous 
solutions.  
For HA synthesis, a 250 mL solution of (NH4)2HPO4 was added to a 250 mL 
solution of Ca(NO3)2∙4H2O under rapid stirring at room temperature. The final 
molarity of calcium and phosphate was 5 mM and 3 mM, respectively, with a 500mL 
reaction volume, to achieve calcium to phosphate ratio of 1.67. Prior to mixing, the pH 
of all solutions were adjusted to 9.5 using concentrated NH4OH (28~30wt%). After 
mixing, the precipitates were aged in 65⁰C oven for 20 hours.  
For carbonate substituted HA synthesis, all parameters and procedures were 
kept the same as the HA synthesis, except 0.2 mmol ammonium carbonate was added 
to phosphate solution to obtain final molarity of 0.4 mM at 500 mL reaction volume.  
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For aluminum substituted HA synthesis, all parameters and procedures were 
kept the same as the HA synthesis except for addition of Al(NO3)3∙9H2O in calcium 
solution to obtain a final concentrations of 0.45 mM of Al3+ ions.  
For aluminum and carbonate co-substituted HA synthesis, all parameters and 
procedures were kept the same as the Al-HA synthesis except 0.2 mmol ammonium 
carbonate was added to phosphate solution to obtain final molarity of 0.4 mM at 500 
mL reaction volume. 
For all synthesis conditions, after 20 hours of aging, particles were collected 
via centrifugation (Thermos Scientific Sorvall Legend RT + Centrifuge, 3600g, 5min). 
Collected pellets of particles were washed with 0.15 M NH4OH once, and with DI 
water twice. Washed and centrifuged pellets were lyophilized for 72 hours to obtain 
dry particles.  
 
A.7.2. Particles Characterization 
 KBr pellets were prepared for FTIR (Bruker Hyperion FT-IR Spectrometer, 
2cm-1 resolution, 64 scans) spectra scans.  200 mg of FTIR-grade KBr particles 
(Sigma-Aldrich) and 2 mg of synthesized particles were mixed and cold-pressed in to 
pellets. The spectra were normalized to the ν3 phosphate peak intensity. Area under ν2 
carbonate peak and ν1, ν3 phosphate were calculated to indirectly determine 
aluminum’s substitution quantitatively and qualitatively. 
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A.7.3. Results 
 Carbonate is known to substitute phosphate and/or hydroxyl site in HA. This 
experiment was done to see whether the Al3+ ions effect the carbonate substitution and 
vice versa. Peak area in selected regions of FTIR spectra was done to assess this 
effect.   
 
 
 
 
 
Figure A.7-1. FTIR spectra of aluminum and carbonate co-substituted HA with different 
concentrations of aluminum and fixed concentrations of carbonate. 
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Table A.7-2. Area calculation of ν2 carbonate area and ν4 phosphate band region to 
indirectly determine substitution sites of aluminum. 
CO3 area             
Dataset Identifier Beginning X Ending X Max Height 
Mathematical 
Area Centroid FWHM 
              
HA 852.50202 889.79095 0.02188 0.38498 873.38661 17.02902 
cHA 852.52336 889.17029 0.02356 0.33072 872.81181 12.68344 
0.45mM Al 852.50202 889.14804 0.01644 0.28767 871.84401 16.81854 
0.45mM Al-cHA 852.52336 889.17029 0.02786 0.43102 872.4415 14.65149 
0.6mM Al 852.52336 889.17029 0.01346 0.22959 872.84192 16.39142 
0.6mM Al-cHA 852.52336 889.17029 0.02727 0.42662 872.4448 14.85566 
0.45mM AlO2-cHA 852.52336 889.17029 0.02375 0.36774 872.51659 14.64122 
PO4 area             
Dataset Identifier Beginning X Ending X Max Height 
Mathematical 
Area Centroid FWHM 
              
HA 916.79328 1179.10159 0.9241 82.75348 1056.29127 83.86879 
cHA 918.10208 1178.48818 0.98134 79.23182 1055.16604 62.37238 
0.45mM Al 918.0791 1178.45868 0.93639 93.061 1054.17509 102.85387 
0.45mM Al-cHA 918.10208 1178.48818 0.96681 92.99547 1054.01851 95.95737 
0.6mM Al 918.10208 1178.48818 0.96009 87.02991 1056.20173 93.68508 
0.6mM Al-cHA 918.10208 1178.48818 0.96977 95.68173 1054.79354 101.34986 
0.45mM AlO2-cHA 918.10208 1178.48818 0.97036 84.9773 1053.79583 71.35746 
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Appendix 8 
Particle Containing poly(lactic-co-glycolic acid) Scaffold Characterization via X-
ray Diffraction 
 
A.8.1. Scaffold Fabrication 
3D porous particle containing PLGA scaffolds were fabricated via gas-
foaming/particulate leaching methods previously described in the literature2,4,5. 
Briefly, 4mg of PLGA particles (Lakeshore Biomaterials, ground and sieved, average 
diameter 250 μm), 4mg of PLGA microspheres (synthesized via double emulsion 
process, diameter 5~50 μm), 8mg of synthesized particles (HA, Al-HA, Al-ACP, 
ACP), and 152mg of NaCl (JT Baker, sieved to diameter of ~250 μm) were mixed 
well and cold-pressed under 2 metric tons in a Carver Press (Fred S. Carver Inc.) for 1 
minute. Pressed pellets (8mm diameter, 2mm thickness) were pressurized in a pressure 
vessel (Parr Instruments 4677) under 800psi of carbon dioxide gas for 18 hours, 
followed by rapid release of pressure resulting in foaming of polymer matrix. Foamed 
scaffolds were submerged in DI-H2O for 24 hours to leach out porogenic NaCl 
particles. Blank PLGA scaffolds were fabricated with the identical parameters and 
procedures mentioned above with the exception of synthetic particle addition. All 
scaffolds were sterilized in 70% ethanol for 30 minutes and triple-washed in sterile 
PBS prior to cell culture.  
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A.8.2. X-ray Diffraction (XRD) Characterization 
 Fabricated scaffolds were cold-pressed at 2 metric tons for 5 seconds to obtain 
flat ~1 mm thickness pellet. The pressed pellet was placed on a XRD sample holder to 
achieve even level (z-axis) for probing relative to the sample holder to minimize XRD 
pattern shifts from escalated sample. Minute shifts in the obtained XRD patterns are 
from differences in probing level.  
 
A.8.3 Scanning Electron Microscopy (SEM) Characterization 
 Particle morphology and distribution on pore surfaces of the scaffolds were 
characterized via SEM (LEO 1550, 2kV). Scaffolds were freeze-fractured under liquid 
nitrogen to expose the pores in the central parts of the scaffolds and mounted on 
aluminum SEM stubs (Electron Microscopy Sciences) with carbon tape. Samples were 
subsequently sputter coated using Iridium target. Pore surfaces distant from fractured 
spots were imaged with SEM to best represent the surfaces interacting with cells. 
 
A.8.4. Results 
 The diffraction patterns obtained from flattened scaffolds show that the overall 
particle material quality is maintained (Fig. A.5-1). Amorphous calcium phosphate 
particles were also used to fabricate scaffolds. Powder XRD data shows that the ACP 
particles crystallize into HA, and depending on the pH of the salt leaching solvent, the 
degree of crystallization seems to be effected. SEM imaging of ACP-scaffold pore 
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surfaces shows that the sphere shape morphology of initial ACP particle was no longer 
maintained.  
Figure A.8-1. Schematices of scaffold fabrication process. 
 
Figure A.8-2. XRD of pressed scaffolds. 
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Figure A.8-3. XRD of pressed ACP scaffolds prepared with different pH aqueous 
solvent for salt leaching. 
DI water pH5 
pH9.7 ACP 
Figure A.8-4. SEM images of ACP scaffold surfaces with different pH salt-leaching solutions. 
Also, SEM image of ACP particles are shown for reference. 
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Appendix 9 
MDA-MB231 72 hours Cell Culture and IL8 Assay 
 
A.9.1. 72 hours Cell Culture for Growth and IL-8 Quantification 
 Human MDA-MB231 breast cancer cells (ATCC) were incubated under 
standard culture conditions (37 ⁰C, 5% CO2) in 10% FBS (Tissue Culture Biologicals) 
supplemented DMEM (Invitrogen) and 1% penicillin/streptomycin (Invitrogen) for 3 
days. Sterilized and washed scaffolds were seeded with 1.5 million MDA-MB231 
cells and subsequently maintained under dynamic culture condition on an orbital 
shaker up to 30 min. Cell seeded scaffolds were transferred into 5 mL of DMEM 
supplemented with 10% FBS in 6-well plates and incubated on an orbital shaker for 48 
hrs. The scaffolds were then transferred into fresh 6-well plates with 3mL of 1% FBS 
supplemented DMEM and incubated for 24 hrs. Cell culture media were collected and 
centrifuged to obtain supernatants to measure IL-8 secretion. IL-8 from supernatant 
media was measured via enzyme-linked immunosorbent assay (ELISA; R&D) 
according to the manufacturer’s instructions and normalized to the DNA content. To 
measure cell growth via DNA quantity, incubated scaffolds were doubly washed in 
1mL PBS and lysed in Caron’s buffer by sonication. Centrifugation of lysate and 
scaffold debris were done to collect supernatant DNA content for quantification 
(QuantiFluor dsDNA System, Promega Corporation). 
 One-way ANOVA and Student’s t-test were used to determine statistical 
significance among conditions. Tukey’s post-hoc test was used for pairwise 
significance analysis. Significance between the groups and the blank scaffold, HA 
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scaffold, and Al-HA scaffold are denoted by (*), (#), and (●), respectively. For all 
pairwise analysis, p<0.05 is indicated by single symbol and p<0.01 is indicated by 
double symbols. Cell culture experiments were done in triplicates or more for all 
conditions. Result data are presented as a mean with error bars representing standard 
deviations. 
 
A.9.2. Results 
 
Figure A.9-1. Four DNA quantification to determine cell growth differences depending 
scaffold condition (Blank, HA, Al-HA, Al-ACP; Sigma HA condition included in Apr 20 
assay) Significance between groups and Blank-, HA-, Al-HA-, and Al-ACP-scaffolds are 
denoted by (*), (○), and (●) respectively. In all cases, p < 0.05 is denoted by single symbol and 
p < 0.01 is denoted by double symbols. 
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Figure A.9-2. IL-8 data normalized by “Jan27” DNA quantification data. Pairwise Student’s t-
test was done preliminarily assess statistical significance of the data between conditions. P-
values under 0.1 is bold-texted.  
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Appendix 10 
MCF-DCIS 72 hours Cell Culture and IL8 Assay 
 
A.10.1. 72 hours Cell Culture for Growth and IL-8 Quantification 
 Human MCF-DCIS breast cancer cells (ATCC) were incubated under standard 
culture conditions (37 ⁰C, 5% CO2) in 10% FBS (Tissue Culture Biologicals) 
supplemented DMEM (Invitrogen) and 1% penicillin/streptomycin (Invitrogen) for 3 
days. Sterilized and washed scaffolds were seeded with 1.5 million MCF-DCIS cells 
and subsequently maintained under dynamic culture condition on an orbital shaker up 
to 30 min. Cell seeded scaffolds were transferred into 5 mL of DMEM supplemented 
with 10% FBS in 6-well plates and incubated on an orbital shaker for 48 hrs. The 
scaffolds were then transferred into fresh 6-well plates with 3mL of 1% FBS 
supplemented DMEM and incubated for 24 hrs. Cell culture media were collected and 
centrifuged to obtain supernatants to measure IL-8 secretion. IL-8 from supernatant 
media was measured via enzyme-linked immunosorbent assay (ELISA; R&D) 
according to the manufacturer’s instructions and normalized to the DNA content. To 
measure cell growth via DNA quantity, incubated scaffolds were doubly washed in 
1mL PBS and lysed in Caron’s buffer by sonication. Centrifugation of lysate and 
scaffold debris were done to collect supernatant DNA content for quantification 
(QuantiFluor dsDNA System, Promega Corporation). 
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A.10.2. Results 
  
Figure A.10-1. DNA quantification to determine cell growth differences depending scaffold 
condition (Blank, Sigma HA, HA, Al-HA, Al-ACP). Two scaffolds per condition were seeded to 
assess DCIS cell response to different conditions of scaffold. 
Figure A.10-2. IL-8 data normalized by DNA quantification data. Two scaffolds per condition 
were seeded to assess DCIS cell response to different conditions of scaffold. 
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Appendix 11 
Alizarin Red Staining of Particle Containing Scaffolds 
 
A.11.1. Alizarin Red Staining 
Particle exposure to the surfaces of the scaffold pores were initially assessed 
with Alizarin Red staining (VWR Life Science). Scaffolds were immersed in 40 mM 
Alizarin Red staining working solution at room temperature on orbital shaker for 20 
minutes. Scaffolds were then removed and washed with DI water twice and dried prior 
to imaging.  
 
A.11.2. Results 
 Alizarin Red staining stains for calcium. Staining solution will only interact 
with the pore surfaces of the scaffolds, which will only stain for calcium containing 
particles exposed to the pore surfaces. HA, Al-HA, and Al-ACP scaffold all resulted 
in positive staining of Alizarin Red, indicating that the particles are indeed exposed to 
the surface and ready to interact with seeded cells. Blank scaffold resulted in negative 
staining, showing that PLGA polymer does not interact with the stain and shows no 
significant amount of calcium is in blank scaffolds.  
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Figure A.11-1. Alizarin Red (AR) staining of scaffolds. Blank scaffold shows negative 
result to the AR staining. Whereas, HA, Al-HA, and Al-ACP containing scaffolds 
showed positive results of red staining of the whole scaffolds. 
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